Facing the increasing environmental degradation locally and globally, the Chinese government set mandatory goals of 10% reduction of SO 2 emission in its 11 th Five-Year Plan period (FYP, 2006(FYP, -2010. In this paper we use Shanxi province to illustrate how policies and measures are implemented in practice at a provincial level as a response to the National FYP issued by the central government. Local policies are described and their effects are analyzed.
Introduction
China's recent rapid economic growth has been accompanied by a dramatic increase in energy use (D. . The energy structure dominated by coal and the rapid growth of polluting industries have resulted in great impacts and pressures on the environment, which have caused considerable international and domestic concerns (Gan, 1998; Economy, 2007; Vennemo et al, 2009) Facing the mounting pressure, the Chinese government has initiated many efforts to control the environmental problems. Since the early 1980s, a series of national plans, policies and laws have been enacted. In 1994, a broad strategy was laid out to achieve sustainable development in China. Two years later, the first Five-Year Plan on environmental protection (EFYP) (1996) (1997) (1998) (1999) (2000) was developed. More recently, a new "scientific development" concept was proposed to achieve a harmonious society and a balanced relationship between humans and nature (Fu et al., 2007) . The State Environmental Protection Administration (SEPA) was promoted to Ministry of Environment Protection (MEP) in 2008, implying that higher priority should be given to environmental protection. This is also reflected in China's development goals. In the 11 th FYP for Economic and Social Development (NDRC, 2006) , mandatory goals for pollution reduction for the 2006-2010 period were stated. While the national economy was planned to maintain a relatively stable and fast growth, the environmental quality of key regions and cities should be improved, and the ecological deterioration be brought under control 2 . By 2010, the total amount of major air and water pollutants (SO 2 and COD 3 ) released should be reduced by ten percent.
The targets indicate that the Chinese government was serious in its call for the new "scientific development" concept to assure a sustainable environment. However, the 11 th FYP was widely considered to be too ambitious, considering that China's 10 th FYP had also set goals for environmental protection (in the main plan), that were not achieved (MEP, 2007a) . There was general agreement that it would be impossible to achieve the new goals without strong involvement of provincial and local governments. The problem was how local authorities would contribute, considering that, in China, environmental efforts have 2 There are also mandatory goals for the 12 th FYP. See discussion section. 3 COD-Chemical Oxygen Demand which is an indicator of the amount of organic compounds in water. lacked effectiveness, resulting in an implementation gap, and that the biggest obstacles to environmental policy implementation are at the local level (OECD, 2006) .
In this paper we use Shanxi province (see Fig. 1 ) as a case to illustrate how policies and measures were implemented in practice at a local scale as a response to the National FYPs issued by the central government. The paper describes efforts to reduce the release of pollutants with emphasis on SO 2 in Shanxi during the 11 th FYP period (2006 th FYP period ( -2010 . It describes the major policies and policy changes that seem to have been instrumental to the increased success of the 11 th FYP as compared to previous FYPs. For efforts and achievements in the Shanxi Province on energy conservation and energy intensity, see our previous paper (D. , and also J. and Kostka and Hobbs (2012) . 
Air pollution in Shanxi
According to Shanxi EPB (2006; , emissions of main pollutants far exceeded the environmental capacity by the end of the 10 th five year period, and the environmental situation was serious. Implementation of a series of control policies and measures led to improvement in the environmental situation in Shanxi during the 11 th FYP period.
According to Shanxi EPB (2006) , none of the 11 key cities (see Fig. 1b Source: SOE of Shanxi 2000 (Shanxi EPB, 2001 SO 2 and PM 10 were the major components affecting exceeded the grade II SO 2 standard; most of the others had concentrations 2-7 times this standard (see Fig. 3a ). Source: SOE of Shanxi 2000 (Shanxi EPB, 2001 PM 10 pollution was also very serious in 2005 in Shanxi. PM 10 concentrations in all 11 key cities exceeded the grade II standard with up to 100% (see Fig. 3b ). All 11 cities in Shanxi met the grade II standard of NO 2 concentration in 2005 (see Fig. 3c ).
Provincial SO 2 emissions were 1.5 million tonnes in 2005 (see Fig. 2b (Shanxi EPB, 2011 ) (see Fig. 3a and 3b) . In 2010, SO 2 emission amounted to about 1.25 million tonnes, 17.6% lower than in 2005 (see Fig. 2b ).
The target for 2010 was 1.30 million tonnes (State Council, 2006) , so according to the figures from Shanxi EPB (2011) the province had surpassed its 11 th FYP goal for SO 2 reduction.
However, it has been questioned whether the official SO 2 emission data in China may be understated (Vennemo et al. 2009 was about 1.3 million tonnes and also presented the province estimate from Ohara's emission inventory for the same year (Ohara et al. 2007 ) which was about 1.1 million tonnes.
The official data for 2000, which was about 1.2 million tonnes, thus fell in between. Provincial Government approved the provincial pollution reduction targets disaggregation scheme to the 11 key cities (see Fig. 1b ), which was based on each city's economic structure, For details, see Appendix C.
Policies and measures in

Implementation of pollution reduction measures in Shanxi
Several measures to improve energy efficiency and restructure the economy away from the heavy dependence on secondary industry have contributed to less pressure on the environment as described in D. . In this section we will emphasize measures directly targeting pollution reduction (not energy efficiency).
The actions taken in Shanxi to reach the pollution reduction targets can roughly be summarized into four categories: pollution control engineering, economic restructuring, enhancing environmental management, and supplementary policies. They will be illustrated separately in the following (except category economic restructuring), while, in fact, they are closely integrated when implemented. had also realized coke oven gas desulphurization by the end of 2010 (Liu, 2011 Penalties for any violation were also specified. 3.2.2.4. Improved environmental management through strengthened law enforcement.
In cooperation with 14 different government departments, Shanxi EPB issued more than 20 regulations and took actions against 4420 violations of environmental regulations. To reach annual targets, Shanxi punished enterprises which did not phase out their outdated capacities within due time by the "Five Stops", i.e. cutting off power supply, water supply, coal supply, transportation services and loans. In order to punish environmental violation in a region, "Regional Restricted Approval" was introduced. Environmental impact assessment approval might be stopped for all construction projects within the region. During the 11 th FYP period, 15 counties experienced punishment through "Regional Restricted Approval". "The Elimination System of the Worst" was introduced to phase out the most polluting enterprises and processes based on yearly evaluation. 1236 enterprises with serious pollution and 1606 sets of outdated facilities were phased out during the 11 th FYP period in Shanxi (Liu, 2011 county's rank of environmental quality, the rank regarding environmental improvement and the rank of achievement in reaching pollution reduction targets. Among the cities that have reached their annual pollution reduction target, the city with the best air quality will get a 3 million RMB reward; the city with the biggest air quality improvement will get 1 million RMB reward; and each of them will also get extra 10 million RMB for a capacity building fund. The 10 counties with best air quality and the 10 counties with biggest air quality improvement will get a 0.5 million RMB reward and an extra 2 million RMB for a capacity building fund. The city and the 10 counties with worst air quality, and the city and the 10 counties with the largest deterioration of air quality, will be punished by circulating a notice of criticism and their main leaders will lose their right to compete for any rewards. Main leaders from the cities or counties who are being punished for two consecutive years will receive admonishing remarks and those for three consecutive years will receive administrative sanctions according to relevant regulations. Deception in the assessment and evaluation can lead to criminal charges. 
Effect estimates of pollution reduction measures in Shanxi
By implementing pollution control policies and measures more than 1,400 seriously Table 1 ). Shanxi EPB, 2006 In the following we attempt to disentangle the emission reductions from some main SO 2 reducing policy measures in order to understand which ones have been the most effective.
As data on emission reductions are not available for individual sources or policy measures 8 Average 1% S content is confirmed by personal contact in Shanxi EPB.
we estimated emissions reduction from different sources and measures and compared to the baseline of Table 1 . We estimated SO 2 emission reduction from electricity generation by flue gas desulfurization (FGD), and by closing down outdated production capacities, mainly in key industries described in section 3.2.2.1.
For FGD, we used two different methods. Method 1 (M1): We subtracted reported SO 2 emissions for the relevant power plants from the estimated amounts obtained by Eq (1) as done above to obtain the results in Table 1 . Method 2 (M2) is used to check consistency in reported numbers: We combined the SO 2 emission estimates obtained by Eq (1) with FGD installation rate (see Table 2 ) assuming that 70% of new-built FGD started operating at the same time as the operation start-up of the new-built power generation units (MEP, 2007c) .
According to the official requirements, the operation rate of well-functioning FGDs should be 95% (SPGGO, 2009 ) and the efficiency of FGD 90% (SPG, 2007) which were used in our estimation in M2. To estimate the SO 2 emission reduction obtained by closing down outdated electricity generation capacities (PCD stands for Power sector Closing Down, hereinafter), Eq (1) was used directly based on estimated amount of coal used in the facilities before closing as given in D. . To estimate the SO 2 emission reduction from closing down outdated emission sources in non-electricity generation sectors (NPCD stands for Non-Power sector Closing Down, hereinafter), the SO 2 emission intensity of coal consumption in these sectors and the estimates of coal saved given in D. were used. Due to lack of data, we assume that the SO 2 intensity is the same in outdated facilities as the baseline intensity, which may be an underestimate.
Merknad [DD1]:
Daisheng: 70% is the percentage of the new-built FGD each year started working compared to the total new-built FGD each year. 95% is the percentage of FGD working hours compared to the whole year round; if 100%, it means the FGD has worked nonstop for the whole year. By the way, there is a term "penetration rate", but I do not know how to use it here. and Shanxi EPB (2006 .
We estimate that FGD (by using M1) and PCD and NPCD gave a total reduction of 3.39
(0.87-6.66) million tonnes during the 11 th FYP compared to that of the baseline emission of 10.58 (8.15-13.66) million tonnes, see Table 3 . The reduction from the power sector, which was 3.37 (0.85-6.64) million tonnes, contributed the lion's share of the estimated total SO 2 emission reduction. The reduction by FGD dominated the total reduction (82%), followed by the other control options (13%). This may be efforts to reduce SO 2 emissions from existing production capacities in other industrial sectors than the power sector, and from the domestic sectors, e.g. closing down small-to-medium boilers through expanding the coverage of district heating supply and replacing domestic coal use for heating and cooking by expanding the coverage of coal gas supply. However, it must be kept in mind that the values for "other control options" are obtained as differences between large numbers with considerable uncertainties, and are thus only rough estimates. The SO 2 emission reduction from closing down outdated production capacities is rather low consistent with the fact that the estimated coal used in these closed down production capacities only accounted for 4% of the total reported coal consumption during 2006-2010. Nationwide, Cao et al (2009) also found FGD to be significantly more effective than closing down outdated facilities.
However, the closing down of outdated production capacities and domestic sources might contribute much more to the substantial SO 2 concentration decrease showed in Fig. 3a than its share of the emission reduction, since the emission height of these sources is low in most cases and hence the local impact larger.
Estimated SO 2 reduction from FGD by using M2 for the year 2008, 2009 and 2010 are higher than that of the estimated total SO 2 reduction (showed in Table 1 ) for these three years. This is discussed further in the next section. a Derived from the estimated SO2 emission reduction in Table 1 minus FGD (M1), PCD and NPCD in Table 3 .
Although we do not have as detailed data for PM emissions as for SO 2 , Fig. 3b close to the ground and the effect on the particle concentrations substantial. The decrease in PM concentration since 2003 may in part be due to gradual phase-out of these household fuels, and partly a side effect of WET-FGD systems, as these systems also entail reduced PM emissions (Zhao et al, 2011) .
Discussion
Due to the lack of detailed data for SO 2 emission from other industrial sectors than power Table 1 indicates that either the FGD operation rate or the efficiency, or both, are much lower in practice than officially assumed.
This finding is consistent with Zhao et al (2011) , who concluded that the SO 2 removal efficiency of FGD in practice in China is 75%. Note that both M1 and M2 as well as the estimated SO 2 reductions in Table 1 rely on official coal consumption data. We are aware that these may be too high or too low (see e.g. Guan et al., 2012) , and do not address the reliability of these data as such in the current paper. If the FGD operation rate and/or efficiency are overestimated in the official figures, the reported SO 2 emissions (Table 1) would be underestimates. This would imply that the SO 2 reductions in Table 1 are overestimated, making the discrepancy between M2 results and total emission reductions even larger.
We may also have underestimated the SO 2 emission reduction from closing down outdated emission sources in non-electricity generation sectors by assuming that the SO 2 intensity is the same in outdated facilities as the baseline intensity. However, there can be little doubt that this reduction so far has been only a small fraction of the total SO 2 emission reduction.
In spite of data gaps and large uncertainties in our calculations, it seems clear that the pollution reduction achievements in Shanxi have been substantial in the 11 th FYP period, even though SO 2 emission was still higher than the targets in the 10 th FYP according to Fig.   2b . A series of policies have been implemented. The data available indicate that these policies have resulted in substantial improvements in environmental quality.
In Shanxi, the government's decision to focus on those sectors which yield the greatest immediate impact seems to be the main reason for the achievements. Shanxi government focused on the industrial sector through legislation on pollution control in key industries, implementing FGD projects, and phasing out obsolete production capacity. Our estimates indicate that SO 2 emission reduction (compared to the baseline) by FGD construction contributed about 82% to the total emission reduction achievements. This is consistent with the observation of the Ozone Monitoring Instrument (OMI) aboard NASA's Aura satellite . (State Council, 2011) . Furthermore, Shanxi has added particle (PM) emission targets (10% reduction of industrial soot and dust emission) to its provincial 12 th FYP binding targets in addition to the national ones (Liu, 2011) . Reduction in emission of SO 2 during 11 th FYP period is encouraging, but to reach the 12 th FYP targets, many issues need to be addressed further:
(1) Most anthropogenic NO x emissions in China (and Shanxi) are from coal burning, and the explosive growth in power generation since 2000 became the driving force behind the NO x emission increase in China (Zhang et al, 2007) . However, the contribution from vehicles is increasing with the rapid growth in number of vehicles (Zhang et al, 2007; Liu et al, 2010) , and its contribution to ambient air quality is even higher than the emission fraction since the emission height is low (Zhang et al, 2007) . So, more focus is needed on reduction of NO x from power plants and vehicles.
(2) Rapid expansion of the deployment of FGD technology for SO 2 has contributed to reaching pollution reduction targets in the 11 th FYP. However, our estimates in M2, indicating non-compliance with FGD operation management regulations, imply that it is challenging to keep these facilities in proper operation. Thus, special measures should be put in place and stronger supervision should be conducted to guarantee the proper functioning of these facilities.
9 12 th FYP of People's Republic of China. http://news.xinhuanet.com/politics/2011-03/16/c_121193916.htm (in Chinese).
(3) With FGD installed and properly operating in all power plants, the possibilities for further SO 2 emission reduction from power plants will be limited, so policies and measures should focus on other sectors, such as coke making and metallurgical industry.
(4) During 12 th FYP, more attentions should be paid to agricultural sources not covered in the current environmental statistics. For example, NH 3 emission to air from agriculture is also a major N-source to atmosphere, while focus is now on NO x .
(5) Most of the pollution reduction solutions currently used, such as FGD technology for SO2 abatement, are end-of-pipe control solutions which generally increase energy consumption. According to Xu et al (2010) , electricity energy consumed so as to make FGD system operate usually takes up 1.1-1.5% of the whole power plant's electricity energy consumption. Consequently, they increase emissions of CO2 to some extent. Hence, introduction and development of environmental friendly technologies should be further strengthened. Considering the seriousness of climate change, in the long run, great emphasis should be laid on shift to the low-carbon economy.
(6) Penalty and award mechanisms based on the new appraisal system seem to be an important incentive in energy conservation in Shanxi as in other provinces. But, millions in awards are also a temptation to manipulate the data. Thus, good monitoring and accounting systems are essential.
Conclusions
The 11 th FYP goal for SO 2 emission reduction in Shanxi has been reached. Very detailed requirements and regulations have been issued by the provincial and local governments. The most effective measures so far seem to be in the industrial sector, particularly FGD for SO 2 reduction in power plants. However, Shanxi has still a long way to go to achieve its 12 th FYP targets. Further improvement of pollution reduction will require continuing efforts to optimize the economic structure (in particular a shift to low-carbon economy and reduction in the dependence on heavy industry), promote the utilization of environmental friendly technologies, and improve the personnel appraisal system to provide stronger incentives for achieving pollution reduction. Furthermore, agriculture sources need to be taken into consideration during 12 th FYP.
